Aims The objective of this study was to investigate the response of Brassica juncea in the presence of Cd, in hydroponic and soil experiments, and to conclude about common and divergent trends in both cultures. Methods We studied the effect of Cd on growth, oxidative damage and antioxidant responses in roots and shoots of B. juncea grown in soil and hydroponic cultures, using typical time-scales for each one. Major ROS-scavenging enzymes such as catalase, ascorbate peroxidase and guaiacol peroxidase were evaluated, as well as lipid peroxidation. Results Small Cd concentrations in the plant led to enhanced plant growth, while large Cd concentrations impaired growth. The increase in lipid peroxidation observed in the presence of Cd was always greater in shoots than in roots. The physiological response to enhanced levels of reactive oxygen species in the presence of Cd included an increase in guaiacol peroxidase, ascorbate peroxidase and catalase activities, but those enzymes were not always enhanced in a similar manner in both cultures. Conclusions The main factors responsible for the differences between the experiments in soil and nutrient solution, were the different Cd content in the plant tissues and the different time-scale of the experiments.
Introduction
Cadmium (Cd), which naturally occurs at trace levels in the environment, tends to accumulate in soils due to agricultural practices such as the application of some phosphate fertilizers, use of wastewater for irrigation, and application of biosolids and composts from urban wastes. It is readily absorbed by plant roots and is very toxic to both plants and animals. Maximum limits for Cd in arable soil range between 0.4 and 3 mg kg −1 of soil in European countries, as defined by the European Parliament on the Implementation of Community Waste Legislation. Several fast-growing Brassica spp have been tested for their ability to tolerate and accumulate metals, including Indian mustard (Brassica juncea L.), black mustard (Brassica nigra Koch), turnip (Brassica campestris L.), rape (Brassica napus L.), and kale (Brassica oleracea L) (Kumar et al. 1995) . Although all these species accumulated metals, B. juncea showed a stronger capacity to accumulate and translocate Cd, copper (Cu), chromium (Cr), nickel (Ni), lead (Pb), and zinc (Zn) (Angelova et al. 2008) , which suggests that this plant may be used to clean up metal-contaminated sites by phytoextraction (Ent et al. 2013) . To exploit B. juncea tolerance it is important to understand the physiological responses to metals such as biochemical detoxification strategies against oxidative stress, internal synthesis of organic ligands (e.g., phytochelatins), translocation of metal ions inside the plant, sequestration into vacuoles and root exudation (for a review see Hall (2002) .
Oxidative stress results from the presence of reactive oxygen species (ROS) that damage cellular membranes and affects several metabolic pathways (Mittler 2002) . Cd is a non-redox-reactive metal and thus it is not able to generate ROS through Haber-Weiss reactions. Overproduction of ROS in plants in the presence of Cd seems to be an indirect consequence of its toxicity, as it blocks essential functional groups in molecules, disrupts the electron transport chain, and induces lipid peroxidation (Smeets et al. 2005) . Malondialdehyde (MDA) content, which is a direct measure of lipid peroxidation, is a good indicator of the oxidative stress. To prevent the deleterious effect of ROS, plants developed a tolerance strategy that involves activation of specific enzymes of the antioxidant system. However, changes in enzymatic activity may not reveal the direction and degree of ROS production, because the antioxidant system results from an adaptive response to reverse the effect of the ROS metabolism and it can be affected by various factors.
The present manuscript reports the effect of Cd on growth, oxidative damage and antioxidant responses in roots and shoots of B. juncea grown in soil and hydroponic cultures, using typical time-scales for each one. As B. juncea is a highly tolerant plant, the relatively high Cd concentrations of 5 and 35 mg.kg −1 in soil and 3, 9 and 30 mg.L −1 in nutrient solution were used, in order to induce a stress that would lead to measurable biochemical changes, to help in the identification of the main response this plant used against the applied stress. Major ROS-scavenging enzymes such as catalase (CAT), ascorbate peroxidase (APX) and guaiacol peroxidase (GPOD), involved in the direct elimination of H 2 O 2 , were evaluated, as well as lipid peroxidation. Common and divergent trends in both cultures were discussed. Another important objective of this work was to establish the antioxidative mechanism that could be operational in roots, the first plant part in contact with Cd. The oxidative stress of B. juncea exposed to Cd, either in soil or in hydroponics, has been much less studied in roots (Hayat et al. 2007; Pinto et al. 2009 ) than in shoots (Qadir et al. 2004; Hayat et al. 2007; Seth et al. 2012; Markovska et al. 2009; Mobin and Khan 2007; John et al. 2009; Pinto et al. 2009 ).
Materials and methods
Brassica juncea L. Czem seeds were germinated in plastic containers filled with fine gravel soaked with deionized water at a temperature of 20±2°C for 15 days. The water content was controlled every day to maintain an adequate humidity. ), supplied as Cd(NO 3 ) 2 . Plants were harvested after 10 days of exposure to Cd and partitioned into shoots and roots. Roots were rinsed with distilled water. Treatments were performed in triplicate for each Cd concentration.
Soil cultures
The pot experiment was conducted in a greenhouse from August to November, with daily temperature ranging between 18 and 35°C.
The soil was sandy (95.2 % sand, 2 % silt, 2.6 % clay) with 0.2 % of organic matter, pH(H 2 O)=5.5±0.3 and a total cadmium content of 0.4 mg kg −1
. Dried soil passed through a 5-mm sieve was mixed with fertilizers and Cd, and incubated for 2 months before sowing. The fertilizers added (N (150), P (50), K (120), and Mg (10) mg per kg of soil) were supplied as ammonium nitrate, potassium dihydrogenophosphate, potassium sulphate and magnesium sulphate respectively. Cadmium was added as Cd(II) nitrate solution to obtain final concentrations of 0 (control), 5 and 35 mg Cd kg −1 of soil, and was left to incubate for 2 months. After this period the pH stabilized at 7.3±0.2 and remained constant through the experiment. Each pot with 2 kg of soil received four plant seedlings with similar biomass after the incubation period, and deionized water was added per pot to reach 70 % of the maximum water holding capacity. The pots were irrigated daily to maintain the water content nearly constant. Pots were completely randomized with three replicates for each Cd concentration.
Plants were harvested 90 days after transplant, and partitioned into shoots and roots. Roots were rinsed with distilled water to remove dust and soil mineral particles.
Sample preparation and analytical determinations
All chemicals were of analytical grade (p.a.) and the solutions prepared with Milli Q deionized and sterilized water.
Samples of fresh material (roots and shoots) were immediately weighed and a sub-sample of 0.5-1.0 g was frozen in liquid nitrogen and kept at −80°C until used for lipid peroxidation or enzymatic determinations.
The remaining plant material was retained for biomass and Cd determinations. It was dried at 60±5°C for 2 days, the biomass evaluated, and finally ground to a fine powder (using a mortar) to pass a sieve of 100 μm. Samples of 20-30 mg were digested in 2 ml HNO 3 65 % +100 μL of H 2 O 2 30 % , using microwave acid digestion bombs from Parr® (Illinois, USA) and a Samsung microwave apparatus (MW81W, Samsung Electronics, South Korea). Cadmium was analyzed in an atomic absorption flame spectrometer (Thermo Electron Corporation, type S4, from Thermounicam, Cambridge, UK) and results expressed as mg Cd per kg dry weight (DW).
Malondialdehyde extraction and evaluation as well as enzyme assays (crude extraction and determination of guaiacol peroxidase, catalase and ascorbate peroxidase) were performed following the procedure described in Pinto et al. (2009) . Three laboratory replicates were carried out for each sample. Absorbances of malondialdehyde (MDA) or enzymatic parameters were measured in a Hitachi U-2000 UV/Vis spectrophotometer.
Statistical analysis
Statistical analysis was performed with one-way and two-way ANOVA using the statistical program SPSS® (version 14.0). Individual means were compared using the Tukey's test at p≤0.05.
Results

Biomass and Cadmium uptake
Biomass accumulation of Brassica juncea (especially for roots) was greater in the soil experiment (after 90 days of growth) as plants were older compared to the hydroponic culture (duration of 24 days, with 10 days of cadmium exposure) (Fig. 1) . The biomass ratio between hydroponic and soil cultures (defined as plant biomass in soil divided by plant biomass in hydroponic culture), for the control, was 20 and 3.4 for roots and shoots, respectively. In soil, plant biomass increased with Cd concentration, but in nutrient solution it remained constant except at the highest Cd concentration, where a decrease in biomass was detected.
Cadmium uptake both in shoots and in roots increased with Cd concentration in the soil or nutrient solution (Fig. 2) In Table 1 we present the calculated translocation factors (TF), that is, the proportion of absorbed Cd that is translocated from the roots to the shoots. These values increase in soils, with the increase in Cd concentration, and have the opposite behavior in nutrient solution. 
Antioxidant enzymes
In Table 2 we present the results of the activity of several enzymes involved in anti-oxidative mechanisms, APX, CAT and GPOD, together with the percentage increase in relation to the control conditions, both for the soil and the hydroponic experiments. A general increase in the activities of these enzymes was observed in both experiments for all the conditions studied, both in shoots and in roots.
Discussion
Many experiments to assess plant metal tolerance and accumulation are carried out in nutrient solutions (Seth et al. 2012; Qadir et al. 2004 ), since they have a known composition in contrast to soil cultures, with many less controllable environmental parameters. Although hydroponic cultures provide a convenient system to study basic biological processes, extrapolation to plant systems under field conditions is not straightforward since the process of contaminant uptake (and degradation in the case of organic pollutants) by plants is influenced by the contaminant concentration, soil physical and chemical properties, the presence of root exudates in the rhizosphere, plant mycorrhizal association and soilmicrobial activity (Golan-Goldhirsh et al. 2004; Stritsis and Claassen 2013) . Therefore, to investigate common and divergent trends in both cultures and conclude about data extrapolation from solution to soil experiments it is important to test in parallel the performance of the same species in hydroponic and soil cultures, as done in the present study.
The time-scale chosen for each experiment was according to the values found in literature. Periods between one and 3 months have been commonly used in pot-soil experiments, while in nutrient solution shorter times are generally reported (less than 1 month), since the kinetic of metal uptake is faster in the latter.
Cadmium, a very toxic element, has negative effects on plant growth as described in many studies (Gallego et al. 2012; Vazquez and Carpena-Ruiz 2005) . However, in our work, the presence of Cd promoted an increase of B. juncea biomass (dry and fresh weight of roots and shoots), when grown in soil, even in the presence of 35 mg Cd kg −1 (Fig. 1) . This result suggests a Cd biostimulation effect, also observed in other plants. For instance in tomato and beet a biomass increase was observed when Cd-contaminated biosolids were added to the soil (Mahler et al. 1982) . Stimulatory effects of small Cd concentrations have also been observed in hydroponic experiments with plants such as rice (Aina et al. 2007 ), soybean (Sobkowiak and Deckert 2003) , lettuce (Costa and Morel 1994) and sorghum (Pinto et al. 2004 ). The Cd biostimulation on plant growth is normally related to a so-called hormetic effect that may represent an 'overcompensation' response to a disruption in the homeostasis of the organism (Aina et al. 2007 ). The increase of B. juncea biomass in the presence of Cd was not observed in hydroponic culture (Fig. 1) . The absence of a stimulatory effect might be due, at least partly, to the greater Cd uptake by plants grown in hydroponic experiments (Fig. 2) . In fact, even in the presence of 3 mg Cd L −1 , the Cd uptake by the plant was always above the value found in soil experiments with 35 mg Cd kg −1 soil. The greater Cd uptake observed in the hydroponic culture should be due to a greater Cd bioavailabity, although the soil used was sandy and poor in organic matter, with a small capacity to immobilize Cd. Other factors that might also contribute for this discrepancy were a dilution effect (due to a greater biomass of B. juncea in soil cultures), and different Cd speciation inside the plant, affected by plant age. B. juncea (considered a very tolerant plant) accumulated a larger proportion of Cd in roots (versus shoots) for all Cd levels (Fig. 2) , in both soil and hydroponic culture, due to a natural protective response to defend the above-ground parts from Cd toxicity. Furthermore, part of the Cd in roots should be adsorbed in the cell walls rather than intracellular, contributing to a smaller phytotoxicity in roots, as compared to shoots. Other authors also reported values of translocation factors below one for Brassica (Nouairi et al. 2006; Liu et al. 2007) . In this study, TF increased with the level of soil . In a study comparing the uptake of Cd both in hydroponic solution and in soil by Arundo donax, Sabeen et al. (2013) observed a higher uptake of Cd in the former culture medium.
Membrane destabilization under Cd stress is generally attributed to lipid peroxidation due to an increased production of toxic ROS (Qadir et al. 2004) . In the present study, the increase of lipid peroxidation in the presence of Cd (Fig. 3) confirms that Cd toxicity induced an oxidative stress.
Values of MDA in the range of 1-5 nmol g
, similar to our own results, were also found by other authors in the leaves of B. juncea exposed to Cd, either in hydroponic (Qadir et al. 2004) or soil experiments (John et al. 2009 ). This similarity is somehow surprising due to the large differences in the experimental conditions and Cd uptake by the plant (Fig. 2) , and was not observed in other accumulator plants under study, such as Nicotiana tabacum (unpublished results).
Greater increments in MDA values (with respect to the control) were observed in shoots compared to roots (Fig. 3) . Different factors may have contributed to this trend, such as: (i) more ROS in leaves as a consequence of photosynthesis (Apel and Hirt 2004) ; (ii) lower toxicity of Cd adsorbed on roots, as compared to shoots; (iii) a less efficient plant defense system used for the removal of ROS species in shoots with respect to roots. Lipid peroxidation occurs mainly due to the action of hydroxyl radicals that target unsaturated lipids, while plant defense mechanisms can prevent or decrease the accumulation of ROS.
To mitigate and repair the damage caused by reactive oxygen species, plants have evolved complex antioxidant (both enzymatic and non-enzymatic) systems (Martins et al. 2013) . Cd-induced changes in the activities of ROS-scavenging enzymes have been detected in several plants. This enzymatic response depends on the plant, tissue, and level of free radicals, resulting from the balance between generation and scavenging (Cuypers et al. 2010; Lin et al. 2007 ).
Significant enhancements in catalase, ascorbate peroxidase and guaiacol peroxidase activities in roots and shoots of B. juncea exposed to Cd stress were found in the present study (Table 2) . Hayat et al. (2007) also observed increases in CAT and GPOD when B. juncea was exposed to Cd, and increases in APX were reported by Qadir et al. (2004) , Markovska et al. (2009) and John et al. (2009) . [MDA] (nmol g -1 FW)
[Cd] (mg kg -1 ) The results of this work showed that CAT, localized in peroxisomes, was more active in shoots of soil cultures with respect to roots when B. juncea was exposed to Cd (Table 2) , but in hydroponic essays, with higher Cd uptake and higher Cd content ratio between roots and shoots, CAT was more active in roots.
Ascorbate peroxidase, in contrast to CAT, is present in almost all cellular compartments such as chloroplasts, cytosol and microbodies (Corpas et al. 2001) . Some authors reported increased activity of APX in shoots with respect to control but decreased activity of CAT, suggesting that CAT probably does not compete with APX for H 2 O 2 removal (Markovska et al. 2009; John et al. 2009; Martins et al. 2014) . Our results showed that the presence of Cd activated both enzymes, with APX increments in respect to control greater or similar than those of CAT ( Table 2 ). The different activity ranges of APX (mU.g ) found in the present investigation in both media, suggests that they should not be considered as competitors, but rather as belonging to two different classes of H 2 O 2 -scavenging enzymes. Ascorbate peroxidase might be responsible for the fine modulation of ROS for signaling, whereas CAT could be involved in the removal of ROS excess during stress, as APX has a much higher affinity for H 2 O 2 than CAT (Mittler 2002) . Similarly, other authors found much smaller values of APX activity compared to CAT in B. juncea (Qadir et al. 2004; Apel and Hirt 2004) .
Another interesting finding is that APX activity in the above ground tissues followed the same trend line in hydroponic and soil cultures with Cd uptake in shoots. For the other two enzymes, CAT and GPOD activities in shoots, in the presence of cadmium, were always significantly higher in soil experiments.
Guaiacol peroxidase is mainly a cell wall bound enzyme, although it is also found in other compartments such as cytosol, vacuole and extra-cellular spaces (Mishra et al. 2006) . It participates in the removal of H 2 O 2 using the oxidation of a variety of substrates and is involved in numerous physiological roles in plant tissues, including lignin biosynthesis and pathogen defense mechanisms. Guaiacol peroxidase can be considered a stress marker, having a broad specificity for phenolic substrates, and a greater affinity for H 2 O 2 than CAT (Martins et al. 2011; Mittler 2002) .
In the present investigation, the GPOD activity was always smaller in shoots than in roots, either in soil or hydroponic cultures (Table 2) , following the trend presented by APX. A remarkable result in the soil experiment was the very significant enhancement of GPOD activity in shoots of B. juncea with respect to control, of about 400 % ( Table 2 ), suggesting that GPOD played a lead role as a defense mechanism in shoots of B. juncea grown in soil ). To the best of our knowledge, there is no other report in the literature about GPOD content in B. juncea grown in soil experiments. The same trend was not observed in hydroponic cultures, where increments of GPOD were less than 40 % in shoots. Other authors found GPOD increments of 20 % in B. juncea leaves exposed to 10 mg Cd L −1 in nutrient solution (Hayat et al. 2007) or even no increment at all (Markovska et al. 2009 ). The enhanced GPOD activity in roots observed in this work may be related to increased lignin synthesis in that plant part as observed by other authors (LopezMartin et al. 2008) . Lignin has a specific protective role as a structural component of the plant cell wall and its synthesis is often induced by oxidative stress, leading to cell wall stiffening.
We can conclude that the physiological response of Brassica juncea exposed to cadmium suggests that the enhancement of the anti-oxidant enzymes catalase, ascorbate peroxidase and guaiacol peroxidase, observed either in nutrient solution or soil cultures, represents an important defensive mechanism against oxidative stress.
The results showed that roots were better defended against Cd toxicity than shoots in both cultures, since larger malondialdehyde enhancements with respect to the control were observed in shoots. To overcome the negative effects generated by the metal ion, enzymatic activities of CAT, GPOD and APX increased in both cultures and compartments (shoots and roots) when B. juncea was exposed to cadmium. However those enzymes were not always enhanced in a similar manner. In shoots of B. juncea grown in soil, where the highest MDA increments in the presence of cadmium were observed, guaiacol peroxidase played a lead role, probably related to increased lignin synthesis, but in shoots of hydroponic culture, with lower MDA increments, it was APX that played the main role, pointing to the importance of fine ROS modulation in that case. The enhancements of GPOD and CAT in response to Cd were more expressive in roots than in shoots of hydroponic cultures, which may have contributed for the constancy of MDA values in roots of that culture. In soil experiments, with higher shoot to root Cd ratio, an inverse trend was observed.
It should be emphasized that, in spite of the much higher Cd contents in plant tissues of hydroponic culture, it was in soil experiments that MDA increments were larger, pointing to the importance of the time-scale of the experiment. Summarizing, the main factors responsible for the discrepancies between the two sets of experiments, soil and nutrient solution, were the different Cd uptake by the plant and the different time-scale of the experiments.
